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The focus of this study has been on measurement of web 
tension. A web is considered to be a material manufactured 
and processed in a continuous. flexible strip form, such as 
paper, plastics, and textiles. Newspapers. paper and 
plastic bags, boxes, films, metal foil. floor coverings, and 
many more widely used products are manufactured with web 
handling processes. 
Web tension varies in both time and space, thus 
reaching different momentary values in different portions of 
the web at any given time. All the rollers and elements in 
contact with the web cause tension disturbances, which can 
occur as continuous tension variations or tension peaks. 
Accurate web tension measurement is critical because tension 
variations and peaks lead to such problems as web breaks, 
web flutter, and wrinkles, which cause product and 
production time waste. 
Most web breaks are caused by faults in web formation. 
When such a weak point occurs, web tension is not 
transferred at that point. The web breaks whenever the 
local stress. caused by an area of high tension. exceeds the 
tensile strength of the web at the weak point. Web breaks 
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can be both costly and dangerous on a high-speed production 
line. 
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Web flutter is a form of instability in the web which 
occurs when the web tension variations are in resonance with 
the web. The resonant frequency depends on the web 
geometry. Wrinkles can be due to a low-tension area in a 
cross-direction location of the web. Both wrinkles and 
flutter can be minimized by increasing the tension level, 
which improves the web stability. The cross-direction 
tension profile is valuable in identifying problem areas so 
that corrective action can be taken. 
This study is based on the principle that the velocity 
of normal wave propagation in a web is related to the square 
root of the web tension. Different pulsers were used to 
propagate a wave down different types of webs. The wave was 
monitored at two different points in the web. From the 
distance between the two points and the time between the two 
signals, wave propagation velocity was calculated. In all 
cases, wave velocity increased with increasing tension. Use 
of a traversing mechanism across the web yielded the cross-





The tension meters that have been developed in industry 
can be broadly classified into two major groups: those that 
contact the web (contacting) and those that do not touch the 
web (noncontacting). Descriptions of some industrial 
contacting tension sensors follow. 
The Swedish Forest Products Laboratory (STFI) developed 
a contacting web tension sensor for cross-profile 
measurements on paper machines in 1978 (1). The measurement 
head is attached to the sheet by the use of vacuum apertures 
in a circular supporting ring. The web is excited to 
resonant frequency by a heated, temperature-controlled 
loudspeaker. A feedback control system keeps the web 
excited to resonance by measuring the phase difference 
between the input and output signal. The web tension is 
assumed to be proportional to the resonant frequency squared 
times the mass per unit area of the web. The measurement 
head scans the web, thus providing the tension profile. 
In the mid-1980s, the Norwegian Pulp and Paper Research 
Institute (PFI) developed a contacting, portable, cross-
direction web tension meter which consists of two parts: a 
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lightweight measuring head with a sensor in its center and a 
recording unit with digital display and a miniature pen 
recorder (2). A rechargeable battery pack supplies power to 
the instrument. The sensor in the measuring head is a 
curved steel spring blade that gently pushes into the web, 
causing a 1- or 2-mm indentation in the web. This 
indentation. which is measured by an inductive transducer, 
is dependent on the web tension. An LED signal informs the 
user if pressure against the web is insufficient. A 
calibration curve is necessary in order to convert the 
voltage signal. which is obtained from the spring blade's 
deflection. to the web tension. 
Tidningspappersbrukens ForskningslaboratoriL~ (TFL), a 
Swedish company, developed a contacting web tension meter 
utilizing a loudspeaker (3). The amplitude of the web from 
the loudspeaker acoustic waves at the measuring head is 
determined. This amplitude is a function of web tension. 
Frequency of tension variations can be obtained from a 
frequency analysis, which helps to determine the reasons for 
web tension disturbances. 
Recent industry developments in noncontacting sensors 
will now be described. 
A noncontacting web tension meter was developed in the 
USSR in the mid-1970s (1). Compressed air from an annular 
nozzle impinges on the paper web at an equal distance from 
two web-guiding rolls. A central pneumatic chamber 
experiences pressure oscillations from the transversal web 
vibrations; these oscillations are picked up by a condenser 
microphone. The output signal is connected to a dynamic 
loudspeaker on the other web side, opposite the nozzle. 
This feedback keeps the loudspeaker at resonant frequency, 
which correlates with web tension. Cross-direction 
averaging was attained by modifying this system to use a 
multinozzle generator to oscillate the total width of the 
web and a proximity detector underneath the web (1). 
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In the mid-1980s, STFI developed a noncontacting sensor 
(4) based on the same principle as its above-described 
contacting sensor. The web is vibrated by a loudspeaker, 
and the phase difference between the input and output signal 
is used as feedback to keep the web in resonance. The 
resonant frequency corresponds to web tension by the 
equation: 
f2 k * (Nx/w) 
where f is the frequency, Nx is the web tension in the 
machine direction. w is the basis weight, and k is a 
constant. STFI claims a 5 percent relative error. where the 
maximum bending stiffness is 1 mNm (corresponding to basis 
weight of 100 g/m2 ) and maximum web speed is 10 m/s (for 
basis weight less than 100 g/m2 ) . 
Altim Control of Finland developed the Altim 
Tensometer, which is a contactless local tension-measuring 
device (3, 5), in the mid-1980s. A loudspeaker generates a 
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spatially confined sound burst, repeated once a second to 
avoid standing waves, which generates a wave front to the 
membrane. Two microphones on each side of the source 
monitor the wave propagation; they are placed at different 
distances from the source. The resulting time delay between 
the two signals is derived using cross-correlation for both 
signals. Since each side of the source has two microphones, 
web speed cancels out of the average wave velocity, because 
the web speed would be added to the upstream side of the 
source and subtracted from the downstream side of the 
source. This average wave velocity is used in empirical 
lookup tables based on basis weight to determine the local 
tension in the web. 
The measuring head is on its own stand, and the 
equipment needs no calibration. Web tension is read 
directly in digital form in N/m or in analog form. Sampling 
rate is 15 milliseconds. 
TENSCAN, which was developed in Finland in 1987, is a 
scanning tension profile measuring system which utilizes a 
loudspeaker to induce a wave onto a moving web (6). The 
system consists of a measuring head with a one-sided scanner 
frame and an operator station. The operator station 
contains a color monitor, dedicated keyboard, computer, 
power supplies, and a plotter. The measuring head consists 
of a laser, loudspeaker, and three optical sensors--two on 
one side of the sound burst and one on the other side. It 
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may be mounted on the scanner frame or used as a stand-alone 
unit. 
The measuring head produces a sound burst at preset 
intervals as it scans the web. The sound wave induces a 
membrane wave which travels in the direction of the tension. 
The three optical sensors. or position-sensing arrays, 
convert movement of the laser's spot into three different 
electronic waveforms. The signals are then passed to the 
operator station, and the computer uses a cross-correlation 
function to determine time delay between the three 
waveforms. The farthest signal from one side of the sound 
burst and the signal on the other side of the sound burst 
are used to calculate web speed. The time difference 
between the two signals on the one side of the sound burst 
is then calculated, and the effects of web speed are 
subtracted out. 
The distance between the measuring head and the web is 
measured by the lasers so that it can be considered in the 
tension calculation. Effects of web flutter and elasticity 
are eliminated by using the proper sound burst frequency. A 
correlation has been determined between tension and basis 
weight for all paper grades. 
All of the above devices can easily measure cross-web 
tension profiles. Therefore, all of the devices are an 
improvement over the use of force transducers to measure the 
force created by a web passing over a roller. which has been 
the usual way to measure web tension in industry (7). The 
force transducers show the average tension across the web. 
A rough cross-direction profile is obtained by dividing the 
web into several areas, which are measured separately. 
Effects of Air Loading on 
Membrane Wave Velocity 
In many elementary vibrations and acoustics textbooks, 
the equation relating tension and normal wave propagation 
velocity in a vacuum is found: 
where c- is the wave velocity, T is the tension, and 
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~- is the basis weight of the web. However, when the web is 
exposed to the atmosphere, air loading effects on the web 
must be taken into account to calculate the web wave 
velocity. The theory applies for a plane wave which exists 
across the entire width of the web. Jaihak Lee (8) adapted 
some equations which account for this air loading on webs 
from two sources (Morse et. al., Theoretical Acoustics, 
1968, and Sabersky et. al., Fluid Flow, 1971). The 
equations involved the wave number for the air, k, and the 
wave number for the web in the air, K. He considered two 
cases; the first one was for k < K. This case implies no 
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where K is the wave number for the web in the air. k ..... is the 
wave number for the web in vacuo, k is the wave number for 
the air. e is the density of the air, and e- is the areal 
density of the web. Lee used a value of ~equal to 1.21 
kg/m3 (0.0755 lbm/ft3 ). The wave number for the air, k, was 
calculated by: 
k 2 * n * f/c 
where f is the frequency in hertz and c, the wave speed in 
air, was taken to be 343 m/s (1125 ft/s). 
The wave velocity in the x direction can finally be 
calculated from the following equation: 
elf' kc/K = w/K 
where w is the excitation frequency. 
Case 2, when k > K. implies that energy radiates away 
from the medium and that the wave attenuates in the x 
direction. The wave number K now is an imaginary number. 
This case is impossible because it implies that speed of 
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L ~w * (k2 - K2)1/~ 
If the imaginary term has a magnitude much less than 1. the 
above equation becomes: 
~w * 
The velocity in the x direction now is: 
Lee found that, for typical webs and tensions, the wave 
speed approaches (T/p) 1 / 2 as frequency approaches 10 
kilohertz. Therefore, if a high-frequency signal could be 
generated, the wave equation for the air-loaded web would 
not have to be utilized. 
Previous Research 
Glen Francis (9) investigated the variance of normal 
wave propagation velocity with respect to variations of 
tension in a static web. He used three different speakers 
for pulse transducers--a line array of 3.5-inch "wolfer" 
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speakers, a line piezo-type tweeter, and an 0.75-inch hard 
dome tweeter. A coherent gate (tone burst generator) was 
used with the speakers to generate pulse packets. An 
amplifier was placed between the oscillator and the pulse 
transducer, and the signal was picked up down the web by a 
microphone. The time delay between the signal being sent to 
the pulse transducer and the signal being received by the 
microphone was determined, and the wave velocity was 
calculated from the time difference. Francis' findings were 
that (1) as frequency increases, the effect of air mass 
decreases and (2) as tension increases. the effect of air 
mass increases. These findings follow from the fact that 
wavelength grows longer as air mass increases. Additional 
findings were: 
1. The trace contained an initial high-frequency portion 
which was due to the sound moving through the air and 
reaching the sensor before the signal in the web. 
2. As the distance from the pulser to the microphone 
increased, this high-frequency signal due to sound in 
the air dispersed much faster than the lower-frequency 
web signal because of its higher velocity. 
3. The pulse attenuated with increasing microphone 
distance. 
4. The higher the frequency was, the faster the signal 
attenuated. 
12 
5. Because of the signal attenuation. the larger the 
distance was between the pulse transducer and the 
receiving transducer, the more difficult it was to make 
accurate measurements. 
Darin W. Nutter (10) developed an air pulse technique 
in which a pneumatic device was used to send a shock wave. 
or air pulse. onto the web. Two microphones, downstream 
from the air pulse, each picked up a signal; the time 
between the two signals was used to calculate the wave 
speed. The web tension was computed using the wave speed 
equation in vacuum: 
T = ~ * c2 
where T is tension per unit width of the web, ~ is the basis 
weight (areal density) of the web. and c is the wave 
propagation velocity. 
The results showed measured tensions correlating with 
actual tension within 5.7 percent in a polypropylene web. 
The pulse created by the pneumatic device was very short and 
crisp--one millisecond in duration and only one cycle. 
making it easy to distinguish from noise. The pulse did 
attenuate with distance, meaning that air loading effects on 
the web should be considered. 
CHAPTER III 
THEORY 
Theoretically, a web is considered to be a membrane 
which vibrates with a small displacement and is thin and 
uniform with negligible stiffness. This membrane can be 
modeled as an assemblage of parallel strings. These strings 
contain waves whose crests are in parallel lines, 
perpendicular to their direction of propagation. These 
waves behave like waves on a flexible string; they travel 
with unchanged shape and equal speed. The two-dimensional 
wave equation is used to model the system, and the wave 
velocity for the web in-vacuo becomes: 
However, the wave motion that the membrane has is not 
usually this simple. Under atmospheric conditions, the 
dispersive relationship when the membrane is coupled to air 
must be considered (11). This derivation can be done by 
adding the reactive force of air to the wave equation and 
employing continuity conditions on the surface. The energy 
carried by the coupled system is trapped within the 
membrane, and attenuation of the wave is assumed to arise 
13 
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from viscous and thermal conductivity losses on the membrane 
surface. 
Following the derivation procedure, the dispersion 
relation for membrane waves coupled to air becomes: 
2 * ~ 
1 + 
where w is the frequency, Cm = (T/~) 1 / 2 is the vacuum 
membrane wave velocity, K is the wave number for the 
membrane in air, ~ is the density of the air, cr is the areal 
density of the membrane, and k is the wave number for the 
air. When ~ goes to zero, the phase velocity Vph. which 
equals w/K, will really be Cm. 
The dispersion can thus be explained as a mass loading 
effect so that the mass of air within the wave is added to 
the membrane mass. At low frequencies, the effective 
membrane mass is increased and the wave propagates more 
slowly. 
The group velocity of the wave is obtained by taking 
the derivative of the equation for frequency, dw/dK. The 
group velocity is the component of the plane wave velocity 
along the waveguide axis, which is the speed at which the 
most significant portion of the pulse propagates. The 
expression for group velocity is: 
Vgr Vph 
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where q is CK 2 - k 2 ) 1 / 2 . This equation means that the group 
velocity will always be somewhere between the phase velocity 
and velocity in vacuum. 
All of the above theory applies to a so-called ribbon 
wave, which exists across the entire width of the web. The 
pneumatic wave generated in this study was a point-source 
shock wave. Most theory centers around a small-amplitude 
wave. The wave generated by the pneumatic pulser was 
probably too large to effectively utilize such theory, and 
it became shorter and wider as it propagated. therefore 
exhibiting nonlinearity. 
Nonlinear acoustics theory studies the propagation of 
an acoustic wave of finite amplitude in a dissipative medium 
(12). The presence of viscosity and thermal conduction in 
media requires account of dissipation of energy in the 
propagation of the waves. In this case. the shape of the 
wave is distorted and becomes quasi-discontinuous. Upon 
further propagation, the wave front becomes "washed out." 
and its thickness increases in proportion to the distance. 
Eventually, the shape of the wave becomes almost sinusoidal. 
Marttinen and Luukkala (5) gave another expression for 
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where Vw is the web velocity, T is the tension per unit 
width of the web, ~w is the areal density of the web, e is 
the density of air, K is the wave number for the web in the 
air, and k is the wave number for the air. If the term 
2 * e 
(K2 _ k2)1./2 
is called a constant, ~A, then the phase velocity becomes 
Vph - Vw 
The term ~A describes the air load on the web. It is the 
increase of the basis weight by adding the mass of a layer 
of air of thickness 1/CK2 - k 2 ) 1 / 2 on both sides of the web. 




The objective of this study was to progress toward the 
development of an accurate on-line tension-measuring device. 
The device was to be noncontacting so that webs that could 
not be touched without damage--e.g., magnetic coated films--
could benefit from its use. A light, compact, hand-held 
device would have advantages over some of the devices used 
in industry. 
Different means of pulsing the web were to be explored 
in order to obtain the optimum pulse. Two different designs 
of pneumatic pulsers were used, as well as an electric spark 
gap pulser. 
.. 
Microphone spac1ng from the source and 
microphone spacing from the web were to be optimized, as 
well as length and diameter of tubing from the pulser to the 
web. 
The best signal processing method was also to be found 
in order to obtain the most accurate time interval 
measurement. Also, the best way to measure the time 
interval was to be found. The cursor on a digital 
oscilloscope and a counter-timer were to be compared against 




Averaged tension profile measurements were to be 
compared against actual average tension. The tension 
equation could then be calibrated to be equal to the average 
tension. An propagating error analysis was to be done to 
determine possible error in the load cell model due to 
measurement of different angles of the web on the frame. 
Wave velocities were to be compared to those calculated 
using the previously mentioned formulas (5, 8). A 
sensitivity analysis for wavelength was to be done in order 
to determine how big the deviation would be if a constant 
wavelength were used in these formulas. 
Another objective was to determine eA· as described ln 
Chapter III, Theory, for this particular device to 
substitute into the equation: 
where T is the tension per unit width of the web, Vph is the 
phase velocity. V-w is the web velocity. t'w is the basis 
weight of the web, and eA is the weight of the air layer on 
the web. The term E'A was to be determined by solving the 
above equation for ~A: 
Ta-vg 
The average tension Tavg was to be used to solve for ~A· 
CHAPTER V 
EXPERIMENTAL APPARATUS 
Web Test Frames 
Two web test frames were used in the experiments. The 
first was a static web support consisting of a metal frame. 
The apparatus is shown in Figure 1: 
Figure 1. Static Web Frame 
The frame is approximately two feet high, two feet 
wide, and six feet long. It was placed on a table so that 
weights on one end of the web would hang freely. As can be 
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seen from the figure, the web was attached to one end of the 
frame and ran across the length of the frame and over a 
roller. Two wooden brackets were clamped around the end of 
the web with several bolts. Weights were attached to the 
brackets using a hanger: the weights provided a known 
average tension in the web. However. the actual tension in 
the web was not necessarily uniform. The transducers were 
clamped under the web during the experiments. 
The second system was a high-speed loop machine. This 
loop machine is shown in Figure 2 on the following page. 
The specifications on the machine are a speed of 12,000 feet 
per minute (fpm), tensions of 0.5 to 5 pounds per linear 
inch (pli), and web widths of 4 to 12 inches. It has 16 
roll locations on each column and 24 'column locations on the 
base. The rolls were rearranged so that the tension-
measuring device could be placed under the lower loop of the 
web. 
A traversing mechanism was built on which to mount the 
pulser tube and sensors. This mechanism is shown in Figure 
3. The traverse, which has a 12-inch sidelay, was built for 
the purpose of obtaining a cross-direction tension profile. 
Once optimum distances were determined for microphone 
placement, a microphone and pulser tube holder with 
constantly spaced holes was built to be placed on only one 
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Figure 3. High-Speed Loop Traverse and Microphone 
Holders 
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Methods of Signal Generation 
Several different methods of creating a wave in the web 
were explored. The first device is a pneumatic pulse 
generator which creates a shock wave; it is shown in Figure 
4. This device consists of an aluminum disk with a hole in 
its edge rotating through a slot in an aluminum block. The 
aluminum block has a brass bushing inside to minimize 
resistance. The air source (120 psi) goes into the aluminum 
block, and when the hole in the disk rotates through the 
block, a pulse is created. The pulse is routed to the 
bottom of the web via 1/4-inch plastic tubing. 
The disk is rotated by a Variac-controlled, 1/18-
horsepower Bodine electric motor for ease of pulse rate 
control. The disk is 4 inches in diameter and 0.16 inch 
thick. The hole, which is drilled 0.2 inch from the edge of 
the disk, is 0.11 inch in diameter. 
The second pulse-generating device is also a rotary 
pneumatic pulser, which is shown in Figure 5. A steel 
sawblade with a hole in its edge rotates through a pair of 
spring-loaded sliders, also with holes through their 
centers. The disk is driven by a 100-rpm, 1/4-horsepower 
Bodine gearmotor. The sliders and springs are pushed 
against the disk by brackets, which are bolted to the base. 
The tube from the air source (about 80 psi) comes into one 
slider, and tubing from the other slider goes to the bottom 
side of the web to create a pulse. 
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Figure 4. Original Pneumatic Air Pulser 
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Figure 5. Pneumatic Pulser Design 
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The sliders are made of Delrin. which is good for 
minimizing wear and friction. The sliding portion 1s 5/8 
inch in diameter and 1/8 inch thick. The sliders are 1 1/8 
inches long and 3/8 inch wide, and the diameter of the hole 
drilled through them is 3/16 inch. The blade has a 
thickness of 1/16 inch and a radius of 4 1/2 inches. The 
hole in the blade is 3/16 inch in diameter and is drilled 
5/8 inch from the edge of the blade. The plastic tubing has 
a 3/16-inch OD and a 3/32-inch ID. 
An electric spark gap pulser was also tried as a pulse-
producing method. Figure 6 shows the circuit associated 
with this pulser. The output of the circuit was routed to 
the web via a 5/8-inch-diameter tube. 
Instrumentation for Data Collection 
Two instruments were used to sample data. The first 
was the Analogies Data Precision DATA 6100 Digital Waveform 
Analyzer. This machine has a maximum sampling rate of 10 
microseconds, or 100 kilohertz. per channel. With two 
channels enabled, the maximum sampling rate is 20 
microseconds or 50 kilohertz. Four channels are available 
on the machine. The instrument is capable of taking the 
cross-correlation of two signals and the Fast Fourier 
Transform of a signal. The maximum and minimum of a signal 
can be found from buttons on the keyboard, and a cursor on 
the time scale is available to find where the maximum and 
minimum occur. A low-pass filter may be utilized for anti-
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aliasing purposes. and ac coupling eliminates any de offset 
present. A disk drive can be connected to the DATA 6100 and 
data stored on disk. A plotter can also be connected to it 
for a hard copy. 
The second instrument used was the Hewlett-Packard 
54501A Digital Oscilloscope. This oscilloscope has a 
sampling rate of 10 megasamples per second. Like the DATA 
6100, it also contains four channels. Storage capabilities 
are present in this instrument, and it contains cursors for 
measuring time distances and voltage distances. The machine 
prints delta t and delta V on the screen. It has a fine 
adjustment for measuring voltages. A printer is connected 
to it so that hard copies can be obtained. 
Signal-Processing Methods 
Three different signal-processing circuits were built 
to see which one gave the optimum signal. and thus the 
optimum time difference. The circuit descriptions and 
purposes follow. 
The first circuit is a high-pass filter circuit, which 
is shown in Figure 7. The filter, which is actually a 
differentiator, has a summer following it for inversion and 
signal modification purposes. The circuit has a gain of 10 
and a break frequency of about 160 hertz to eliminate low-
cycle noise. The differentiator is meant to sharpen the 
signal by giving its slope. The summer adds the signal from 
the differentiator to 5 volts going through a potentiometer, 
llnicrophone 

















by which the signal can be modified. The summer also 
reinverts the signal, which is inverted by the 
differentiator. 
30 
The second circuit utilizes a Schmitt trigger. This 
circuit is shown in Figure 8. The basis of the circuit is 
the above-described high-pass filter circuit. Added to this 
circuit is a Schmitt trigger, which turns off at a voltage 
level of 1.6 volts and on at 0.8 volts. Thus it creates an 
inverted square wave by which the time difference between 
two signals can be measured. This circuit also has a gain 
of 10 and a break frequency of about 160 hertz. 
Figure 9 shows the third circuit. which is called a 
Precision Diode Circuit. This circuit has a gain of 5. It 
eliminates any negative voltages by use of a diode. At the 
beginning of the experimental signals. a high-frequency 
negative pulse exists: this pulse is due to the noise from 
the sound in the air reaching the microphone before the web 
signal does. The positive-voltage web signal then follows. 
This circuit therefore eliminates the air spike in the 
signal and allows the signal in the web through. 
Methods for Measuring Time Differences 
Two ways to measure time differences were compared: 
(1) using the cursors on the Fourier analyzer and digital 

































As mentioned previously, the two instruments used for 
data collection contain cursors. One cursor can be set at 
the maximum of the first voltage signal, and the other 
cursor is set at the maximum of the second voltage signal. 
On the Fourier analyzer, the times associated with the 
maxima must be subtracted from one another to obtain the 
time difference between the two signals. On the digital 
oscilloscope, the screen automatically reads out a delta t. 
The counter-timer can be set to trigger at levels as 
high as 300 millivolts for a positive or negative slope. It 
contains a button for time from A to B. The timer turns on 
at a certain voltage level of Signal A and turns off at a 
certain voltage level of Signal B. The time difference is 
displayed as a digital readout. 
CHAPTER VI · 
RESULTS AND DISCUSSION 
Microphone Calibration 
The electret microphone elements were calibrated using 
a pistonphone calibrator. The pistonphone has an output of 
124 decibels when it is connected to a 9-volt battery. The 
microphone is inserted into the pistonphone. and its output 
voltage is determined using the Fourier analyzer or digital 
oscilloscope. The zero-to-peak voltage is used to calculate 
the change in decibels from 124; i.e .. 
dB= 20 log1.oCE) 
change in dB = 20 log1.oCE1./E2) 
where E 1s the voltage. 
In the case of the two electret microphones. their 
output voltages measured 0.54 and 0.32 volts peak-to-peak. 
Using these numbers. it was determined that the microphones 
put out about 119 decibels in typical operation. Therefore. 
background factory noise will not affect the performance of 
the tension-measuring device. because typical factory noise 
is limited to 90 decibels by OSHA regulations. 
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Determination of Material Properties 
The web materials used on the static web frame were 
14 7/8-inch-wide paper and 15 7/16-inch-wide transparent 
polypropylene. Three-mil-thick paper and 1.4-mil-thick 
metallized web (coated with aluminum) were used on the high-
speed loop machine. The width of these webs was 6 inches. 
The basis weights of all these materials were determined by 
cutting a large amount of each--about 20 square feet--and 
weighing each sample of material on a chemical scale for 
good accuracy. The weight in grams was converted to pounds 
mass and was then divided by the area of material measured. 
This calculation yielded the areal density, or basis weight. 
The basis weight of the wide paper used on the static 
frame was estimated at 10.0 x 10-3 lbm/ft 2 , and that of the 
wide polypropylene was 0.00617 lbm/ft 2 . The 6-inch paper 
web used on the high-speed loop machine had a basis weight 
of 0.01557 lbm/ft 2 . and the metallized web had a basis 
weight of 0.006801 lbm/ft 2 . 
Determination of Optimum 
Microphone Distances 
Experiments were run to determine wave properties when 
microphones were placed at varying distances from the 
source. When the point source pulse hits the web. the pulse 
disperses; an analogy to this situation is when a stone hits 
a lake. Therefore. the closer the microphones are to the 
source, the better the received signal will be, because it 
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disperses rapidly. The peak of the signal became difficult 
to discern when placing it about 6 inches from the source. 
Thus the optimum setup was determined to be one microphone 
placed 2 inches downstream of the source and the second 
microphone placed 4 inches downstream of the source. 
Effects of Tubing Rigidity and Length 
The tubing which ran from the pulser to the web had an 
effect on the signal recorded by the microphones. Three 
different types of tubing were evaluated: (1) black rubber 
tubing. (2) plastic Tygon tubing. and (3) a plastic tube 
much harder than the Tygon tubing. The black rubber and 
plastic Tygon tubing were fairly soft. The microphone 
signal for the hard plastic tubing was sharper and narrower 
than the signals from the two softer tubes. The softer 
tubes may have damped out part of the signal. 
A change in the signal was also noted with a change in 
length of the tubing. A long piece of tubing was inclined 
to give a less sharp. clear signal than a shorter tube. The 
wave tended to die out with the more distance it had to 
travel. 
The tubing that was chosen for use was the hard plastic 
tubing. It was cut off to minimize the distance between the 
pulser and the web. 
Wave Duration and Wave Height Tests 
At the beginning of this research. it was determined 
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that the signals recorded by the microphones changed with 
changing tension. The signals became shorter in duration 
and had a higher peak voltage with increasing tension. This 
phenomenon is in contrast with acoustic theory. which states 
that acoustic waves should decrease in height with 
increasing tension. One possible explanation could be that 
the pulser tube interacts with the web in some way, because 
they are in very close proximity. 
Some examples of this phenomenon will now be discussed. 
On the static frame (shown in Figure 1), paper and 
transparent polypropylene were the materials utilized. The 
original pneumatic pulser, which was discussed in Chapter 5 
and shown in Figure 4, was the mechanism used to pulse the 
web. The pulser tube and microphones were placed below the 
web. The supply pressure into the pulser was approximately 
120 psi. 
Figure 10 on the next page, which is a series of 
recordings from the Fourier analyzer, shows the pulse 
increasing in height and decreasing in width with increasing 
tension for the 14 7/8-inch paper web. With a tension range 
of 0.672 to 1.68 pli, the pulse height varies from about 
-0.12 to -0.2 volts. Figure 11 shows the same phenomenon 
occurring for the 15 7/16-inch polypropylene web. With a 
tension range of 0.324 to 1.62 pli, the pulse height varies 
from about -0.2 to -0.4 volts. The microphone used for 
these recordings was 4 inches from the pulse source. 
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Figure 10. Variability in Wave Height and Width With 
Varying Tension on a Paper Web 
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Figure 11. Variability in Wave Height and Width With Varying Tension on a Polypropylene Web 
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One can see that the pulse height is greater for the 
polypropylene web. The polypropylene, which is thinner and 
lighter than the paper. offers less impedance to the air 
pulse pressure than does the paper. 
The next set of experiments was done using the revised 
pneumatic pulser, which was discussed in Chapter 5 and shown 
in Figure 5. The high-speed loop (from Figure 2) and 
traversing mechanism (from Figure 3) were also utilized. 
All of the signals produced by the pneumatic pulsers were 
less than 1 millisecond in duration. and the wave height of 
an unfiltered signal varied from about 100 to 400 
millivolts. depending on the tension. 
The first test was static. and the 6-inch paper web was 
used. The pressure going into the pulser was 80 psi. The 
microphone was placed 2 inches from the pulse source. The 
experiments were done for locations at 1, 2, 3, 4. and 5 
inches from one web edge. The wave height and width were 
recorded from the digital oscilloscope for tensions of 
0.663, 1.33, 1.99. 2.65, and 3.31 pli at each location. 
Unfiltered data were used. 
The data are plotted in Tables I and II in the 
Appendix. Table I arranges the data so that a family of 
curves. wave height and width versus distance from web edge, 
is plotted for varying tensions. This family of curves is 
shown in Figure 12 for wave height and Figure 13 for wave 
width. Figure 12 clearly shows that, at all tensions, the 
maximum wave height occurs 2 inches from the web edge for 
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this particular web. The maximum wave height of all the 
curves .:dso corresponds to the maximum tension curve. Wave 
width. as shown in Figure 13, is a less reliable way of 
predicting tension than the wave height because the width 1s 
harder to measure. The data follow a less clear trend than 
those in Figure 12. 
Table II arranges the data so that a family of curves. 
wave height and width versus tension. is plotted for varying 
distance from web edge. Figure 14 shows wave height versus 
tension curves at different locations across the web. Once 
again it can be seen that maximum tension occurs at 2 inches 
from the web edge for all tensions. and the maximum wave 
height of all the curves corresponds with the point 2 inches 
from the edge of the web. Also. a clear trend is observed 
that wave height increases with increasing tension for all 
the curves. Figure 15 shows wave width versus tension 
curves, and the wave width shows a generally decreasing 
trend with increasing tension. However. the data are less 
predictable for wave width than they are for wave height. 
and the wave width is a less reliable means of predicting 
tension than the wave height. 
The next step in the experiments was to compare the 
averaged wave height among three samples at each tension 
taken from a static web and a dynamic web. Also. the change 
in the wave height among the three samples (Vmax - Vm:~.n) was 
compared for the static and dynamic webs. The average wave 
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in Table III in the Appendix. The test was done using the 
updated pneumatic pulser at 70 psi. the high-speed loop, the 
traversing mechanism. and the 6-inch paper web. No 
filtering was utilized. The distance from the microphone to 
the web was about 0.07 inch. For the dynamic case. the web 
was run at about 400 feet per minute. The signal. which was 
picked up on the digital oscilloscop~. was obtained from a 
microphone 2 inches from the pulse source. 
Figure 16 shows the comparison of average wave heights 
for the two cases. As can be seen, the average wave height 
was substantially higher for the moving web as compared to 
the static web. This phenomenon could have occurred because 
the web was bouncing slightly, causing it to move closer to 
the pulser tube and increasing the interaction between the 
pulser tube and web. 
Figure 17 shows the voltage variation CVrnax - Vrnin) 
among the three samples versus average tension. As 
indicated by the figure. the pulse height varied much more 
on the moving web than on the static web. This variation 
could have been caused by the web bouncing slightly as it 
ran on the loop. The further the microphone was from the 
web, the weaker the signal would have been, and the wave 
height correspondingly would have been less. 
It was suspected that the pulser tube. which was very 
close to the web. was interacting with the web in some way. 
For example. a nozzle-flapper displacement-to-pressure 
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restriction and a variable flow restriction (13). The 
variable flow restriction. or "flapper." 1s adjusted to 
change the distance X0 , causing a change 1n output pressure 
Po· For a limited range of motion, Po is nearly 
proportional to Xo and is extremely sensitive to it. 
Therefore. the pulse height variation with pulser tube 
distance from the web was investigated. 
The revised pneumatic pulser at 80 psi. the 6-inch 
paper web. the traversing mechanism. and the high-speed loop 
were again utilized. The test was done statically at two 
different places on the web for comparison purposes. The 
data were unfiltered. The distance between the microphone. 
which was 2 inches from the pulse source. and web was 
measured using feeler gauges. 
Table IV in the Appendix tabulates the data for wave 
height at two different places in the web along with pulser 
tube distance from the web. These data are plotted in 
Figure 18. No clear-cut trend exists for the two samples; 
however. the pulser tube distance from the web does have an 
effect on the pulse height. Also, as for the nozzle-flapper 
transducer case. the linear range is probably very small, 
and a great number of samples would be required to locate 
the linear region. Also, a more accurate means of measuring 
the distance from the tube to the web would be required. 
The next concern was to find how the wave varied with 
supply pressure into the pulser. The original pneumatic 
pulser with 1/4-inch-OD plastic tubing was utilized. The 
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tension was set at 2.81 pli on the 6-inch paper web. The 
test was done statically using unfiltered data. and the 
distance from the pulser tube to the web was about 0.1 inch. 
The pressure and wave height data are tabulated in 
Table V in the Appendix. The data are plotted in Figure 19. 
As is seen from the figure. the wave height consistently 
increases with increasing pressure input into the pulser 
mechanism. The increase in wave height is about 300 
millivolts with a 60-psi pressure increase. Therefore. a 
consistently high pressure level is important to the 
consistent properties of the wave. 
Since the experiments concerning measurement of time 
delay utilize two microphones, the wave heights of two 
microphones. one 2 inches downstream of the source and one 4 
inches downstream of the source. were compared. The 
original pneumatic pulser was utilized. with an input 
pressure of about 115 psi and 1/4-inch plastic tubing. The 
distance between the pulser tube and the web was about 0.1 
inch. The test was done statically. and the 6-inch paper 
web was used. Unfiltered data were again used. 
The data are shown in Table VI in the Appendix. These 
data are plotted in Figure 20. The wave height recorded by 
the microphone 4 inches from the source was always larger 
than that recorded by the microphone nearer to the source. 
This occurrence may have been due to the fact that the 
second microphone was more sensitive than the first 
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trend with increasing tension. Therefore, the difference 1n 
the two wave heights would not cause a problem. 
A profile of wave variation with distance from web edge 
was also done for the two wave heights. The original 
pneumatic pulser with 120-psi pressure and 1/4-inch-OD 
plastic tubing was again utilized. along with the 6-inch 
paper web. The tension was 2.81 pli in the web. and the 
test was done statically. 
The data are shown in Table VII in the Appendix and are 
plotted in Figure 21. The wave height profiles are almost 
the same for both microphones; the maximum wave height 
occurs at 2 inches from the web edge, and the edges of the 
web have the lowest wave heights. However. as can be seen. 
the second downstream microphone had a more dramatic wave 
height decrease between 3 and 4 inches from the web edge 
than the first downstream microphone did. However, this 
occurrence should not constitute a problem. 
A high-pass filter circuit was used on the data for the 
following experiment. Average wave height from three 
different samples, as well as change in wave height among 
the samples, was determined for varying tensions. The test 
was done dynamically, at about 550 feet per minute. The 
original pneumatic pulser. with 1/4-inch-OD plastic tubing 
and 120-psi supply pressure, was also used. as was the 6-
inch paper web. 
Table VIII in the Appendix tabulates the data for 
tension. average wave height, change in wave height. and 
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maximum and m1n1mum heights. Figure 22 shows the average 
wave height versus tension plot. As expected. the filtered 
data show the same trend as the unfiltered data--increasing 
wave height with increasing tension. The only difference 1s 
that the wave height varies more because of the circuit 
gain. Figure 23 shows the variation in wave height CVmax 
Vm~n) versus tension plot. The change in voltage shows the 
same "zigzag" trend as the change for the unfiltered data 
for a dynamic web. shown in Figure 17. 
Cross-Correlation Tests 
The cross-correlation of some 5ignals was taken to 
determine the difficulty of obtaining time differenceB by 
this rnethod, 
A 5tatic experiment was done using the 6-inch 
aluminized web. in which the Precision Diode Circuit was 
used to eliminate voltages below zero. The original 
pneumatic pulser was used with a supply pressure of 120 psi. 
A sample of the original data, at a tension of 1.49 
pli. is shown in Figure 24. The cross-correlation of the 
two waves. which was done by the Fourier analyzer. is shown 
in Figure 25. As is seen from the figure, some large 
negative spikes exist in the cross-correlation. These 
negative spikes are caused by a very small negative portion 
in the second acoustic wave in Figure 24. caused by an 
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correlates with the sharp. tall part of the first acoustic 
wave. a big negative spike is the result. 
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Also. when the small areas of noise in front of the web 
signals correlate. several spikes are produced in the cross-
correlation. Thus it is difficult to determine which spikes 
are the actual web signal correlation by which the time 
difference can be determined. 
Another potential problem is the fact that. as the 
tension increases. these spikes come closer together to one 
another. making them indistinguishable from each other 1n 
some cases. At a tension of 2.24 pli. this phenomenon is 
observed. 
A cross-correlation was done by hand using approximate 
acoustic waves. The wave heights used were 3.2 volts and 
1.0 volt for the first and second downstream microphones, 
respectively. The waves were digitized by hand and the 
cross-correlations computed. Figure 26 shows this 
approximate cross-correlation. If the actual signal had no 
noise at the beginning of it, the cross-correlation would 
resemble this figure. The maximum value of the cross-
correlation. which occurs at the time of the delay between 
the two original signals, is about 40.000 square millivolts 
per second. or 0.04 square volts per s~cond. 
The cross-correlcttion is not recommended for use with 
this signal because of the above-mentioned problems. A 
rough cross-correlation would be a possibility; however. for 










800 1000 1200 
Time Del•y (microseconds) 




signal is much better because it is much cleaner than the 
cross-correlation. At high tensions. the sampling device 
would need to have a very high sampling rate so that the 
peaks of the cross-correlation would be spread out and thus 
distinguishable. 
Tension Distribution Tests 
The ultimate purpose of these tests was to determine 
how close the average of the tension distribution was to the 
known average tension. However. as explained in Chapter 
III. in order to use the tension equation for an air-loaded 
web. the wave number must first be known. Since the wave 
number depends on frequency, a wave frequency must be 
estimated. 
The first step was to see how closely the wave speed 
obtained from experimentation matched the wave speed from 
the formulas (8) in Chapter II. Literature Review. as well 
as (T/~) 1 / 2 . The wave frequency had to be estimated for 
these formulas. A battery of static tests was done in which 
the wave width was estimated for both microphones for 
tensions varying from 0.746 to 3.73 pli on a 6-inch paper 
web. Considering the wave to be half of a sinusoidal wave. 
one could estimate the frequency to be double the reciprocal 
of the wave width--i.e .. the reciprocal of the wave period. 
Wave speed could then be calculated using the formulas. The 
results of these calculations. as well as CT/~) 1 / 2 , are 
shown in Table IX in the Appendix. The data are tabulated 
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in Figure 27 for the first microphone and Figure 28 for the 
second microphone. These figures show that. for both 
microphones. the wave speed determined from the time 
difference is close to the results from the air-loaded web 
formulas--much closer than (T/~)~/ 2 , especially for high 
tensions. However, the experimental wave speeds were 
consistently higher than the wave speeds produced by the 
air-loaded web equations. 
One does not want to determine the frequency at each 
tension. TI1erefore. the next step was to determine how 
close the results would be if an averaged frequency over the 
tension range was used. The frequency for the first 
microphone, which was averaged over the tension range 0.746 
to 3.73 pli. turned out to be 1485 hertz. This frequency 
was used in the air-loaded web equations to determine if any 
considerable difference could be noted. The results of 
these calculations are tabulated in Table X in the Appendix 
and are shown in Figure 29. As is seen from the figure. no 
notable difference exists between the variable- and average-
frequency wave speed results. The deviations were all less 
than 2 percent. Therefore. the constant frequency could 
safely be used. 
Next the tension profile experiments were done 
utilizing the traversing mechanism on the high-speed loop. 
The test was done statically using the original pneumatic 
pulser with 1/4-inch-OD tubing and a 120-psi supply 
pressure. The 6-inch aluminized web was used. Six samples 
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were taken across the web. and four tensions were applied at 
each location. The digital oscilloscope was used to read 
time differences. The results of this experiment are 






2 * e 
where T is the tension, ~- 1s the areal density of the web. 
~ is the density of the air. K is the wave number for the 
web in air. and k is the wave number for the air, gives the 
same results for phase velocity as the previously mentioned 
equations. This equation can be rearranged to solve for 
tension and put into a computer program to directly solve 
for tension. Utilizing the wave speed results of the 
tension profile experiment and the above-determined 
frequency to calculate the wave number, the tension can be 
calculated at each location on the web. These calculations 
are then averaged so that they can be compared with the 
known average tension. The results are tabulated in Table 
XII in the Appendix. Figure 30 is a graph of the results. 
From the figure. it can be observed that the average of 
the tension profile is always greater than the known average 
tension. However, the error is consistent. Some possible 
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The error could be partially due to the approximation 
of the frequency used in the wave speed formulas. which may 
have caused the experimental wave speed to be consistently 
higher than the calculated wave speed. The inconsistency 
could also be due to an error in the static model of the 
high-speed loop. The model of the load cell involved some 
measurement of angles. which was almost certainly a source 
of error. From the static model. the tension equation in 
pounds per linear inch was determined to be 
weight 
T 
A propagating error analysis (14) was done on this equation 
using the relationship 
aT j aT aT 
U...,.e:l.ght + US1 + U92 --
a ewe ight) ae1 de2 




The uncertainties u were estimated to be: 1 percent for 
weight. 1 percent for width, 2 percent for e1. 3 percent for 
82. and 5 percent for 63. which was the hardest angle to 
measure. The propagating error analysis led to an overall 
error of 5 percent. 
Another source of error may have been the time 
difference measurements from the digital oscilloscope. 
Although the instrument has a fine setting for measuring 
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voltage differences, only a coarse setting is available for 
measuring time differences. Therefore. it is difficult to 
get the cursor exactly on the peak of the signal. Also, 
human limitations may be a hindrance in getting the cursor 
on the peak. 
All of these errors combined were probably enough to 
cause a considerable change in the tension comparisons. 
Static Versus Dynamic Tests 
Dynamic tests had to be handled in a different manner 
than static tests. because the speed of the web affected the 
speed of sound in the web. For a static test. the speed of 
sound in the web was easily handled; cw. the speed of sound 
in the web. was equal to the distance between microphones, 
x, divided by the time difference between the two signals. 
delta t. The case of a dynamic web with two microphones 
downstream of the signal will now be discussed. 
Let cA be the speed of sound in air. Cw be the speed of 
sound in the web, and Vw be the speed of the web. The air 
spike travels so fast that one can assume it reaches both 
microphones at the same time. Let t1 and t2 be the time 
differences between the air spike and the web signal for 
Microphones 1 and 2, respectively. For Microphones 1 and 2. 
the time to the air pulse. tA, is equal to x/cA. where x is 
the distance from the pulser to the first microphone. The 
distance to the web pulse. tw, is x/(Vw + Cw) for the first 
microphone. where x is the distance from pulser to 
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Microphone 1. For equal spacing from pulser to Microphone 1 
and Microphone 1 to Microphone 2. t_ is 2x/CVw + Cw) for 
Microphone 2. 
Now one can figure t1 and t2 as tw - tA for both 
microphones and subtract t1 from t2. obtaining the 
expression 
X 
Solving this expression for Cw yields 
X 
which can be utilized to find speed of sound in the web. 
Another microphone setup was used to cancel web speed 
out of the expression for speed of sound in the web. One 
microphone was placed upstream of the pulser. and the other 
was placed downstream of the pulser at an equal distance. 
The expression is derived as follows. 
Let t1 be the time to the web pulse of Microphone 1. 
which is downstream of the pulser, rtnd t2 be the time to the 




Both of these expressions can be solved for V-. web 
velocity. and set equal to each other. Doing so yields 
Rearranging this equation to solve for c- yields 
This expression can be used to solve for speed of sound in 
the web. 
Repeatability of Experiments 
A set of experiments was repeated for the purpose of 
determining the repeatability of results. The experiments 
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consisted of recording time distances between two waves at 
five locations across the web width and using the air-loaded 
web formulas to determine tensions from the time 
differences. The original pneumatic pulser was used for 
these experiments, with 1/4-inch-OD plastic tubing and inlet 
pressure of 120 psi. The test was done statically on a 6-
inch paper web. The average applied web tension was 
determined to be 2.81 pli. No filtering was used on the 
data. and the distance between the pulser tube and web was 
about 0.1 inch. Time delays were read from the digital 
oscilloscope. A sample of the waveforms is shown in Figure 
31. 
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The :r·esul tE: of the experiments are shown in Table XIII 
in the Appendix and are plotted in Figure 32. The tensions 
for both experiments follow the same trend across the web, 
but the differences in time delay range from 3.0 to 8.9 
percent. Since the test involved moving the traverse. one 
reason for this error could be that. for the repeated 
experiment. the traverse was not moved to exactly the same 
spot as it was in the original experiment. The tension 
would change and. therefore, the time difference would 
change. Also. since the wave changed very slightly in shape 
with each air pulse. the peak could have moved slightly. 
The limitations of time delay measurements with the digital 
oscilloscope, as discussed previously, are also a factor. 
Comparison of Waveforms 
Each of the signal generation and processing methods 
generated quite a different signal. The shapes and problems 
with these signals will now be discussed. 
The filtered signal from the revised pneumatic pulser 
with an inlet pressure of about 55 psi is shown in Figure 
33. This signal was recorded in a 6-inch paper web at an 
applied average tension of 1.03 pli. The time difference 
between the two signals, from peak to peak, is 1080 
microseconds. The test was done statically. 
The above signal was fed into the Schmitt trigger, 
which remains high until 1.6 volts, when it shuts off. It 
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back on. Therefore, an inverted square wave is generated; 
it is shown in Figure 34. The two signals are consistently 
at a voltage level of about -4 volts, so a counter-timer can 
trigger off of one wave and stop at the other wave. giving a 
time difference. However, some problems existed with the 
utilization of this waveform. The original wave fed into 
the Schmitt trigger must be rock-steady and must always be 
assured of giving 1.6 volts. The pneumatic pulser involved 
with this experiment had a tendency to "bounce" the web up 
and down. The signal was partially lost each time the web 
moved away from the microphones. Therefore. the waves 
tended to come and go, thus making timer measurements 
difficult. 
Another problem with the Schmitt trigger waves was that 
the two input waves were different in height. The Schmitt 
trigger time difference measurement was from 1.6 volts to 
1.6 volts. instead of peak to peak. The peak-to-peak time 
difference measurement is a more accurate means of 
determining tension. The time difference for Figure 34 was 
1640 microseconds. which is much longer than the lOBO-
microsecond time difference for the original waves. If the 
original waves were the same shape and height and did not 
disperse. the Schmitt trigger would be more useful and 
effective. 
For a moving web. one would expect the signals to have 
considerably more noise than the static web signals. 
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statically. An example is given in Figure 35. where the web 
was run at about 2070 feet per minute. The signal-to-noise 
ratio is quite high. 
Signals from the Precision Diode Circuit are shown in 
Figure 36. The 6-inch metallized web was used. at a tension 
of 3.73 pli for this figure. The test was done statically 
using the original pneumatic pulser at an inlet pressure of 
120 psi. The original pneumatic pulser produces very sharp. 
clean signals. as is seen from the figure. The Precision 
Diode Circuit eliminated most of the air spike and gave the 
signal a gain of 5. 
Figure 37 shows the high-pass-filter output of the 
electric spark gap pulser. The 6-inch paper web was used at 
an average applied tension of 2.06 pli. After the pulse was 
transmitted onto the web. part of it reflected back down the 
tube. which caused the reflections in the signal. Also, the 
pulse was so sharp that it saturated the microphones, which 
can be seen in the first part of the signal. The saturation 
may have been caused by electromagnetic radiation no1se. A 
long piece of plastic tubing was inserted into the tube over 
the capacitor to try to minimize reflections. However. this 
action caused the signal to die out before it reached the 
web. Another potential problem with the pulser is that it 
produces irregular pulses. 
The spark gap pulser has good possibilities. It 
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w 
minimized and a regular pulse produced. the electric spark 
gap pulser will be quite useful. 
Determination of ~A 
The term ~A was discussed in Chapter IV. Objectives. 
It was stated that 
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where T is the tension. x is the distance between 
microphones. t is the time delay between signals. v~ is the 
web velocity, and~- is the areal density of the web. The 
above equation can be solved for ~A as follows: 
(x/t) 2 
- ~-
The term ~A was determined by running a set of experiments. 
recording average tension and time differences. The spacing 
between microphones. x, was set at 2 inches. The test was 
done statically on the 6-inch metallized web, which had a 
basis weight C~w) of 0.0068013 pounds mass per square foot. 
Two sets of experiments were done to obtain time delays, 
thereby giving a delta t from two sources: (1) an average 
of ten samples taken at one location on the web and (2) an 
average from one sample taken at six locations across the 
web. 
The results of these experiments are tabulated in Table 
XIV in the Appendix. A graph of the results is shown in 
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Figure 38. Although the two values of ~A vary by as much as 
29 percent at the lower tensions. they follow the same trend 
and get closer as tension increases. As is seen from the 
figure. E'A is not constant with tension. This variation is 
to be expected. because wavelength increases and frequency 
decreases with increasing tension. An attempt to use a eA 
averaged over the tension range resulted in large errors of 
about 26 percent at low tensions. Therefore, the use of a 
lookup table for each material with different values of ~A 
for different tensions is recommended. 
Comparison of Theoretical and 
Applied Tension 
Tension was applied to webs via a weight distribution, 
so the tension applied was an average tension across the 
width of the web. In any place in the web, tension can 
actually be greater or less than the average tension: for 
example, a floppy edge would have less than average tension. 
Some experiments were run to compare calculated tension with 
average tension. The tension was calculated by the familiar 
equation for a static web: 
where T is the tension, ~- is the basis weight of the web, 
~A is the term which was determined in the previous section, 
and x/t is the wave speed in the web. An experiment was 













location of the aluminized web. The test was done 
statically using the original pneumatic pulser with a supply 
pressure of 130 psi. The Precision Diode Circuit was used 
on the signals. 
Table XV of the Appendix shows how the tension 
measurements compare with the average tension. Figure 39 
shows the corresponding data plot. It can be seen from the 
figure that the tension measurements are within 10 percent 
of the average tension, and they are consistently below the 
average tension. The measurements were probably made on a 
low-tension spot on the web, such as near a floppy edge. 
However, accuracy is probably improved if several time delay 
measurements are taken and averaged in one location on the 
web. 
To see how average tension compares with averaged 
tension values, tension was calculated using the same 
formula and was then averaged. Two sets of data were taken 
at one tension at five locations across the 6-inch paper 
web. The original pneumatic pulser was used with an inlet 
pressure of 120 psi. The tension was maintained at 2.81 
pli, and the distance between the pulser tube and web was 
about 0.1 inch. 
The data are tabulated in Table XVI in the Appendix. 
Figure 40 illustrates the tension profiles for the two data 
sets. The data differ for the first and second data sets, 
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Figure 40. Tension Profiles for Two Sets of Data 
exact same web location for the two experiments. However, 
the trends can still be compared. 
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For the first and second data sets, the highest tension 
occurred in the center of the web--higher than average 
tension by 13 and 20 percent, respectively. Also. the 
lowest tension for both data sets occurred on one edge of 
the web; it was 40 and 45 percent lower than the average 
tension for the first and second data sets, respectively. 
When all five tensions were ctveraged together for each 
data set. the average tension for the first data set was 
2.68 pli and for the second data set was 2.73 pli. These 
calculated average tensions are close to 2.81 pli, which was 
determined by the static model. The errors are 4.4 and 2.6 
percent. respectively. 
For this particular tension device, the tensions are 
mUCh ClOSer tO average tenSiOn When the eA term is inClUded 
in the tension equation. This term accounts for the weight 
of air on the web and therefore must be considered. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
The purpose of this study was to progress toward the 
development of a light, compact. hand-held tension-measuring 
device. The device is noncontact and can be used for static 
and moving webs. The signal-to-noise ratio is very high for 
the moving web. The device is also inexpensive. 
The tension-measuring device is compact, being only 4 
inches in length. This length was determined by the fact 
that the optimum microphone spacing was 2 inches. The 
signals disperse very little when they are picked up at such 
a short distance from the pulser tube. The recommended 
pulser mechanism is the original pneumatic pulser, which 
generates a clean, sharp pulse in the web and produces no 
reflections. The best circuit is the Precision Diode 
Circuit, which eliminates the negative air spike in the 
signal and gives it a gain of 5. The stiff, 1/4-inch 
plastic tubing works very well with the pneumatic pulser 
when its length is minimized. The electret microphone 
elements have a satisfactory frequency response for use with 
the pneumatic pulser. 
The best time difference between signals is obtained 
when the signals are measured from peak to peak. The cross-
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correlation is not recommended for these signals, because 
the slightly negative voltage at the beginning of the 
Precision Diode Circuit signals causes several oscillations 
in the cross-correlation. However, a rough cross-
correlation could be used on the signals. The cursors on 
the Fourier analyzer and digital oscilloscope work fairly 
well for measuring time differences, but the instruments are 
limited in sampling rate. Therefore. the recommendation for 
measuring time differences is to digitize the signal using 
a computer with an analog-to-digital board with an extremely 
fast sampling rate. A program could be written to detect 
the peaks of the two signals, and delta t and tension could 
be printed out directly on the screen. 
The use of the equation 
is recommended for determining tension at any place in the 
web. This equation is used when the two microphones are 
placed downstream of the pulser and web velocity is in the 
same direction as the microphones. The term eA is used as a 
calibration factor 1n this equation to account for air 
loading effects on the web. In this equation, T is tension, 
e~ iS the baSiS Weight Of the Web, eA iS the quantity 
determined in Chapter VI, x is the distance between 
microphones. t is the time difference between the two 
signals, and V~ is the web velocity. The term ~A was 
determined using the 6-inch metallized web and varied with 
tension applied to the web. The recommendation is that ~A 
be listed in a lookup table for varying tensions. Using 
this equation. the point-source signal behaves like ribbon 
wave theory. 
93 
A load cell model was used to determine average tension 
applied to the web. The model involved some measurement of 
angles. which could have been a source of error. A 
propagating error analysis revealed that the error due to 
angle measurement could have been as high as 5 percent. 
The wave velocities obtained experimentally were close 
to those obtained by the formulas for an air-loaded web. 
Therefore. the signal frequency was considerably lower than 
the 10 kilohertz necessary to use the equation for a web in 
vacuum. An average frequency estimated for the air-loaded 
web formulas was 1485 hertz. A sensitivity analysis for 
frequency revealed that using the constant. average 
frequency rather than a varying frequency for each tension 
produced very small deviations of less than 2 percent. 
Wave height increased with increasing tension in all 
the experiments. This phenomenon may have occurred because 
the pulser tube was interacting with the web due to its 
close proximity. The wave height may therefore prove to be 
a reliable tension measurement criterion. 
Recommendations for future work include digitizing the 
waves and using a peak detector to calculate the time 
difference. Tension may be a direct readout on the computer 
screen in this case. This idea may be the basis for a hand-
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held device that directly reads out tension. Another 
possibility for peak detection is a circuit, which could 
also be used in a hand-held device. 
Another possibility to be explored 1s the use of wave 
height as a tension-measuring method. The interaction 
between the pulser tube and the web must first be 
ascertained. A tiny pressure transducer could be inserted 
into the tube to measure pressure at the tube exit. The 
wave height phenomenon may prove to be similar to the 
principle used by the nozzle-flapper displacement 
transducer. 
Web excitation using the electric spark-gap pulser 
needs to be pursued. This method of excitation may produce 
higher frequencies than the pneumatic pulsers and thus may 
make it possible to use the tension equation for a web in 
vacuum: 
First. however, the reflections produced in the pulser tube 
must be minimized. A pulse produced at consistent time 
intervals would also be helpful. Different sensors need to 
be explored because the electret microphone elements were 
saturated by the signal. 
Another recommendation 1s to try an array of 
microphones across the web rather than a traversing 
mechanism. Tensions could then be monitored at several 
places across the web at the same instant in time. A 
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pneumatic pulser with a slot in the revolving disk could be 
constructed to produce several air pulses at once. 
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WAVE HEIGHT AND WIDTH DATA ARRANGED WITH 
VARYING DISTANCE FROM WEB EDGE 
Wave Heights (mV) 
0.663 1.33 1.99 2.65 3.31 
pli pli pl i pl i pli 
165.626 176.563 195.313 193.750 200.000 
168.750 178.125 196.875 203.125 212.500 
131.250 159.375 168.750 181.250 193.750 
134.375 146.875 146.875 175.000 178.125 
109.375 134.375 134.375 153.125 171.875 
Wave Widths (usee) 
0.663 1. 33 1.99 2.65 3.31 
pli pl i p 1 i pl i pl i 
370.000 330.000 340.000 270.000 220.000 
330.000 310.000 280.000 270.000 230.000 
310.000 270.000 250.000 250.000 230.000 
380.000 330.000 260.000 270.000 280.000 



















WAVE HEIGHT AND WIDTH DATA ARRANGED 
WITH VARYING AVERAGE TENSION 
Wave Heights (mV) 
X = 1 X = 2 X = 3 X = 4 
Inch Inches Inches Inches 
165.626 168.750 131.250 134.375 
176.563 178.125 159.375 146.875 
195.313 196.875 168.750 146.875 
193.750 203.125 181.250 175.000 
200.000 212.500 193.750 178.125 
Wave Widths (usee) 
X = 1 X = 2 X = 3 X = 4 
Inch Inches Inches Inches 
370.000 330.000 310.000 380.000 
330.000 310.000 270.000 330.000 
340.000 280.000 250.000 260.000 
270.000 270.000 250.000 270.000 
220.000 230.000 230.000 280.000 
100 
















DATA FOR STATIC VERSUS MOVING WEB 
Average Height CmV) Delta v CmV) 
Average 
Tension 400 400 
( p 1 i) fpm Static fpm Static 
1. 65 86.458 72.917 25.000 18.750 
2.48 93.750 77.083 12.500 9.375 
3.30 97.917 68.750 34.375 15.625 
4.13 92.708 84.375 18.750 15.625 















PULSE HEIGHT VERSUS PULSER 




















































WAVE HEIGHT DATA FOR TWO MICROPHONES 
Average Wave Height. Wave Height. 
Tension Microphone 1 Microphone '? Lo 
(p li) (mV) (mV) 
1.40 290.625 309.375 
2.10 300.000 365.625 
2.81 290.625 384.375 











DATA FOR WAVE HEIGHT VERSUS 




















HIGH-PASS-FILTER DATA AT 550 FPM 
Minimum Maximum Average Change 
Average Wave Wave Wave in Wave 
Tension Height Height Height Height 
( p 1 i) ( V) ( V) ( v) ( V) 
1.40 2.00000 3.15625 2.52083 1.15625 
2.10 1.81250 3.65625 2.64583 1.84375 
2.81 2.18750 3.50000 2.88542 1.31250 
3.51 2.53125 3.28125 2.94792 0.75000 










COMPARISON OF WAVE SPEEDS CALCULATED 
FROM AVERAGE DELTA T, ROOT T/~. 
AND AIR-LOADED WEB FORMULAS 
Wave Wave Speed From Air-
Speed Wave Loaded Web Formulas 
From Speed, 
Average Root 
Delta T TIE> Microphone Microphone 
(in/sec) (in/sec) 1 (in/sec) 2 (in/sec) 
2317 2470 2088 2065 
2950 3493 2739 2912 
3515 4278 3332 3547 
3883 4939 3710 4008 











COMPARISON OF WAVE SPEEDS USING VARYING 
AND CONSTANT WAVELENGTHS 
Air- Air-
Wave Loaded Web Loaded Web Percent 
Speed Wave Speed Wave Speed Deviation, 
From With With Constant 
Average Varying Constant Versus 
Delta T Wavelength Wavelength Varying 
(in/sec) (in/sec) (in/sec) Wavelength 
2317 2088 2075 0.623 
2950 2739 2791 1.900 
3515 3332 3304 0.840 
3883 3710 3716 0.162 


















































































COMPARISON OF AVERAGED TENSION PROFILE 



























VARIATION IN TENSION BETWEEN TWO 
WAVES FOR TWO SETS OF DATA 
Tension (pli) 
















~A AS DETERMINED BY TWO DIFFERENT METHODS 
eA 
flA From From One 
Location. One-Sample, 
Average Ten-Sample Six-Location 
Tension Average Average 
( p 1 i) ( lbm/ft2) ( lbm/ft2 ) 
0.75 0.0009225 No data 
1.49 0.0027332 0.0019171 
2.24 0.0032716 0.0033662 
2.98 0.0042010 0.0037779 









COMPARISON OF TENSION MEASUREMENTS WITH 
AVERAGE TENSION USING SEVERAL 
TENSIONS, ONE LOCATION 
Calculated 
Delta t Tension Percent 
(usee) (pli) Deviation 
880 0.78 3.8 
710 1.36 8.8 
600 2.01 10.1 

















COMPARISON OF TENSION MEASUREMENTS WITH 
AVERAGE TENSION OF 2.81 PLI USING 
ONE SAMPLE AT FIVE LOCATIONS 
ACROSS THE WEB 
Percent Average 
Deviation of Five 
Calculated From Tension 
Tension Average Values 




3.17 12.9 2.68 
2.74 2.2 
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